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SUMMARY
A simpleshskerwhichobtainsitsdrivingforcefromstreamsof
high-velocityairisdescribed.Thisah-jetshakerhasthefo120wing
advantages:itsforcecanbe calibratedstaticallyandappearstobe
constantwithfrequency;itisrelativelyeasytouse;andithasessen-
tiallymasslesscharacteristics.Withthisshakerit ispossibleto
definetheunstablebranchof a frequency-responsecurveobtainedwitha
nonlinearspring.
INTRODUCTION
l
Theexcitationoftruetibrationties andnaturalfrequencies
of airplsnewings,empennages,andcontrolsurfacesisoftendiffi-
. cult,ifnotimpossible,becauseoftheaddedmassoftheexcitingmecha-
nismsccumnonlyavailable.Thisproblembecomesparticularlyacutewhen
themassoftheshakeris lsrgewithrespecto themassof theelastic
body. Attemptsto circumventthisdifficultyby useof air-jetshakers
havebeenlargelyunsuccessful,aspointedoutinreference1,because
oftheirlimitedfrequencyrange.= theair-jetshskerof reference1,
theairstresmswerepulsedby meansofa rotatingvalveintheair-supply
13ne. Becauseoftheinertiaoftheairinthesupplyline,thisarrange-
mentresultedina drivingforcewhichdroppedoffrapidJywithincreasing
frequency.In orderto overcomethisfrequencylimitation,theair-jet
shakerdescribedhereinwasdesignedsothatitusedexternalinterrup-
tionoftheairjetsratherthsninternalpulsingoftheairstresm.
Thispaperpresentsa descriptionftheati-jetshaker,some~eri-
mentaldataobtainedwiththeshaker~anda discussionofpossibleuses
andlimitationsoftheshsker.
SYMBOLS
.
A
0 a
cross-sectionalsreaofnozzle,sq in.
widthof jetopening,in.
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b distancefromnozzleto interrupter,in.
d distancefromcenterof jetto edgeofflat@ate, in.
F force,lb
g structuraldsmpingcoefficient_.
2 distancefromjettoflatplate,in.
Pt stagnationpressureof jet,lb/sqin.
w massflowthroughnozzleperunittime, PAV
x amplitude
v streamvelocity,ft~sec
P atidensity,slugs/cuf%
u circulmfrequency,radians/see
e anglebetweenflatplateand
Subscripts:
max msximul?l
St staticconditions
n nthnaturalmode
IMITATIONSOF OTHER
Theconventionaltypesof shakers
planenormalto axisofjet,deg “
SHAKERDESIGNS
usedto excitevibrationmodes
andnaturalfrequencies-ofairplanewings,empennages,andcontrolsur-
facesareusuallymechanicalor electromagneticshakers.Theseshakers
mustbe attachedto thetestspecimen;thus,massisaddedto thespeci-
men. Becauseof thisadditionofmass,theseshakerscsmnotbe used
forverylightspecimenswithouteffectingthenaturaltiequenciesand
modeshapes.Thelocationoftheshakeralsoissignificantwhenthese
shakersareused,sincethevibrationmodeshapesvarywiththelocation
oftheshakers.Theforceinputisdifficultto Controlj thus,true
frequency-responsecurvesarenoteasyto obtain.
.
In orderto overcomethelimitationsofthemechanicalandelectro-
magnetictypesof shakers,air-jetshakershavebeendevised.(Seeref.1.) “
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. Becauseoftheinertiaofairinthesupplylineoftheshakerofrefer-
ence1,thedrivingforcedecreasedtithan increaseinfrequency.Because
a ofthisfrequencyMnitatim,thetypeof jetair-shakerdescribedinref-
erence1 provedto be unsatisfactoryexceptat relativelylowfrequencies.
DESCRIPTIONF SHAKER
An air-jetshakerwhichderivesitsdrivingforcefromthekinetic
energyof stresmsofhigh-velocityairimpinginguponthetestspecimen
hasbeendesignedandisdescribedherein.A sketchofthe shaker is
showninfigure1.
Theairflowto thenozzleis controlledbya valveanda pressure
gage. Thenozzleusedfortheforcetestwasa rectsmgulsrconverging
nozzlemeasuring0.5inchby 0.045inchat thethroat.(Thesmall.gain
inefficiencytobe expectedofa supersonicnozzle- approximately
7 percentat a gagepressureof 100poundspersquareinch- wasnot
consideredtobe sufficienttowarrantheincreasedifficultyof
mskinga supersonicnozzle.)
l Theairstreamsexitfromthenozzlesat a constantvelocityand
pressure.Theairstreamsaretheninterruptedby rotatingcamswhich
pulsatethetwoairstreams180°outofphase.Thefrequencyof the
. pulsescanbe controlledwithanysuitablevariable-speednmtordriving
therotatingdisks.Themagnitudeof theoscillatingforcecanbe
variedby thepressureor flow-regulatingvalveintheair-supplyline.
Measurementofstructuraldampingofan elasticbodysometimes
requiresthattheoscillatingforcebe withdrawninstantaneouslyin order
thattherateof decsyoftheoscillationsmaybe observed.Thiscutting
offoftheforcemaybe accomplishedat lowfrequenciesby a qyick-acting
shut-offvalveintheair-supplylineor athighfrequenciesby meansof
solenoid-operatedbafflesinsertedintotheairstresmas indicatedin
figure1.
Forsomeapplicationsof theshaker,theshapeof theforcingfunc-
tionisnotcriticalanda simplecam,suchas thatshowninfigure2(a),
wouldbe satisfactory.Thistypeof camwouldresultina squarewave
of highharmonicontent.A sinusoidalforcemaybe Obtainedby useof
a rectangularnozzleinconjunctionwitha camsimilartothatshownin
f@ure 2(b).
Thecomplexityofthemotor-speedcontroldependsupontheusefor
whichtheshakerisintended.EI applicationswhereaccuratecontrolof
thefrequencyisnotrequired,variationofthevoltageto an electri-
callydrivenmotormayprovetobe satisfactory.Formultiple-shaker
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arrangements,ynchromotorsmaybe incorporatedtoturntheinterrupter .
disks. Thesemotorscanbe driveninphaseor 180°outofphaseby a
synchromotorgeneratorlocatedina remotecontrolbox. Itshouldbe
pointedoutthattheinterrupterdisksmusthavean oddmmiberof lobes a
inorderto effecta l~” phaseshiftintheairjets.Sincethepower —
requiredto turntheinterrupterdisksisverysmall,thesynchronmtor
generatorcanbe drivenby commerciallyavailablevariable-speedfriction
drives.
Theforceoftheairjetsmaybe nearlydoubled,ifnecessary,by
attachinga light-weightPelton-typebucketto theelasticbodyinorder
to effecta 180°changeintheairstresmdtrection.Largeforceoutputs,
however,generatemuchnoise.
ExPER~ RESULTS
Inorderto determinetheperformanceharacteristicsoftheair-
jetshaker,simpleforcetestswereconductedtodeterminetheshapeof
thediskinterrupterrequiredto obtainsinusoidalforceoutputsand
theeffectsof specimendismeter,ofdistancefromairsetto test
spechn, andoftheproximityoftheedgeofthetestspecimen. l
Theordinatesofthecamrequiredtoproducesinusoidalforcewere
determinedexperimentallyby measuringthestaticforceexertedby the .
airstresmupona flatplatemountednormalto theairstreamwhilethe
exposedjetareawasvaried.Theresultsofthistestfromwhichthe
camordinatesrequiredforanytypeofforcingfunctioncsmbe determined
areshowninfigure3.
—
Becauseofthemethodusedtopulsetheairjets,themassflowand
velocityof theairthroughthenozzlesme constantwithfrequency; thus,
theforceexertedon a surfaceshouldalsobe independentoffrequency.
Thisresultisverifiedexperimentallyinfigure4 whichshowsthatthe
oscillatingforce.exertedon a flatylateis constantovertherangeof
frequenciestested(Oto 500cyclespersecond).Ita~earstobe
reasonableto assumethattheforcewilJ-remainconstantathigher
frequencies.
Sincetheoscillatingforceis constantfromzerofrequency,the
forceof thejetsmaybe calibratedstatically.Figure5 showsthe
staticforceexertedona lergeflatplateby thestreemofah froma
0.0Z25-sQuare-inchnozzleat a distanceof.14 inchesfromtheplateas
a functionof stagnationpressure.Thisforcecurveisfairlylineer
andshowstheavailableforceF tobe approximately1.5Apt.The
idealizedforceexertedona flatplateby a jetofairmaybe shownto
.—
—
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be 2Aptby conibiningtheequationsdefiningtherateof changeofmomen-
tum F= w AV andthestagnationpzessure =$p$ where w=P% PAV
and AV = V forthecaseofa flatplate.Forthecaseforwhich
Pelton-typebucketshavebeenaddedto increasetheforceoutput,
AV = 2V.
Figure6 indicatesthemannerinwhichtheavailableforceis
affectedlythediameterofthespecimenandthedistanceofthespeci-
menfromthenozzle.Themsximmforceisobtainablewhenthedistance
to theplateisapproximatelyequalto theplatediameter.Thesedata
weremeasuredwithouten interrupterdiskbetweenthenozzleandthe
flatplatej hence,theydonotshowtheeffectof inducedflowbetween
theplateandthedisk. Theinducedflowbetweena k-inch-diameter
interrupterdiskmounted~ inchfroma flatplatewasfoundexperimen-
tallytoreducetheavailableforceexertedontheplateby approximately
x percent.Theeffectof inducedflowbecamenegligibleat a distance
ofapproxiawtely2 inchesfromtheinterrupterdiskto theplate.
Fora shakerconfiguration,suchas thatshowninfigure1, it
wouldseemlike~ thattheforceof theatistreamsimpingingon thetest
spec-n couldbe reducedappreciablyowingto theproximityof theedge
ofthetestspecimen.Figure7 indicates,however,that,forthe
0.0225-inchnozzletested,theaxisoftheairstreammaybe as closeas
~ inchto theedgeof a flatplatewithoutresultinginanylossinthe
availableforce.
Insomeinstancesitmaybe necessarytomounttheshskersothat
theW jetsstrikethesurfaceatan angleotherthan90°. Itwas
foundexperimentallythattheforcenormslto theplatevariesas cos3/%1
whereastheforceparallelto theJetvariesas COS20,where 6,the
anglebetweentheflatplateandtheplanenormalto theaxisofthejet,
islessthan450.
A testwasconductedona single-degree-of-freedomsystemto deter-
minetheamountof damping,ifany,attributabletotheairjets.Fig-
ure8 isa responsecurveobtained%y usinga singleJetshaker.Four
valuesofthestructuraldampingcoefficientg werecalculatedfrom
~ fromtheheightofthethewidthoftheresponsecurveandone
responsecurve.me valuesfor-g obtainedfromthewidthofthe
responsecurverangefrom19to 38percentgreaterthanthevalueof
0.0182obtainedfroma decrementwhereasthevalue obtainedfromthe
heightofthecurveindicatesa k8-percentincreaseoverthedecrement
value.Similsrtestsusingan electromagneticshakerasthedriving
forceresultedinvaluesfor g thatare100percentgreater than those
obtainedfromdecrements.Thenumberofpointsrequiredto obtainthe
responsecurveof figure8 indicatesthatthevariable-speedfriction
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drivewassatisfactoryas a speedcontrolforthepneumaticvibrator.
Theincrementinfrequencybetweensomeofthesepointswas0.05cycle
.
persecondat a naturalfrequencyof%.1 cyclespersecond.
&
An applicatimofanair-jetshakeris indicatedinfigure9,which
isanexperimentalfrequency-responsecurveof a single-degyee-of-freedom
nonlinears~ring.Thenonlinesxityinthiscaseisintheformoffree
playas indicatedintheinset.Thisconditionresultsina frequency-
responsecurvewhichhasanunstablebranchsimilsrtothatdescribedin
reference2. BranchesAD andFI ofthefrequency-responsecurve(fig.9)
representstablemotionwhereasbranchIll?representsanunstablemotion
whichisnotreadilydeterminedby experime-nt.Iftheoscillatingforce
iskeptconstantandthefrequencyisgraduallyincreased,theamplitude
increasestothepointD, suddenlydropstothepointH} andthencon-
tinuesto thepoint1. Withdecreasingfrequencythesmplitudeproceeds
fromthepointI to theyointF, suddenlyincreasesto thepointB, and
thencontinuestopointAjthus,thebranchDF isundefined.If atthe
pointC theamplitudeisforciblyreducedbymeansof stopsto a point
justabovepointE, thespring,whenreleased,willreturntotheoriginal
amplitudeC. If,however,theamplitudeisforcedto a pointbelow
pointE, thesm@itudetillimmediatelydrbptopointG. Repetitionof
thisprocedurewillquicklyestablishtheunstablepointE. Thispro-
cedure,inpractice,isstraightforwardn wasfoundtobe repeatable
withgoodaccuracy.Thismethodofdefiningtheunstablebranchofthe
“
frequency-respmsecurvewouldbeextremelydifficultwitha conventional
shakerwhoseforcevarieswithamplitudebecauseofthedifficultyof
maintaininga constantdrivingforcethroughouttheprocedure.
“
APPIJCATIONSOF JETSHAKER
Excitationofthetruevibrationmodesof lightwingsor control
surfacesismadedifficult,ifnotimpossible,becauseoftheaddedmass
of theshakerscommonlyavailable.Theair-jetshakerdescribedherein
isideallysuitedforvibratorytestsonthistypeofmodelbecauseof
itsessentiallymasslesscharacteristicsandbecauseof itsflatoutput
withfrequency.Itsmasslesscharacteristicallowstheshakertobe
locatedat a Iointofmaximumtibratoryamplitudeandthusmsximumenergy
istransmittedtotheelasticbody.
Therepeatabilityofvibrationdataobtainedbyusingmechanicalor
electromagneticshakersisoftenToorbecauseof slightchangesinthe
methodofattachmentandhenceinthe-drivingforce.~iS difficultyiS
especia~lytrueofnonlinearsystemswhm.e-thefrequencyofthepeak
responseisa functionof theamplitude~d, thus,ofthedrivingforce. .
Thisdifficultyiseliminatedbyuseof anair-jetshakersincethereis
no connectionto thetestspecimn. Shakertestsofan elasticbodyare
.. t
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. considerablysimplifiedwiththisshakerby thefactthatno attachment
to thetidyisrequired,especiallyincaseswheretheshakermustbe
rovedfrequentlyto avoidnodallines.Themeasurementof frequency-6 responsecurvesisalsogreatlyfacilitatedsincenomanipuMtionof
theflow-regulatingvalveisnecessarytomaintaina constantforce
outputas thefrequencyisvaried.
In someinstances,itmaynotbe desirableorpossibletomounta
shaker,as sketchedinfigure1, on an edgeof a testspecimensuchas
a skinpanel.Iftheresponseofthetestbodyislinearwithdriving
force,a shakerincorporatinga singleairjetandan interrupterwould
suffice.Iftheresponseoftheelasticbodyisnotinesrwithdriving
force,twosinglejetunitsmaybe mountedon oppositesidesofthe
surfaceanddriven180°outofphase.
CONCLUDINGREMARKS
A shakerwhichobtainsitsdriv@ forcefromstreamsofhigh-
velocityairisdescribed.Thisshakerhasthefollowingadvantages:
itis essentiallymasslessj itsavailableforcecanbe easilycalibrated
. staticallyandis constantwithfrequency;no attachmentto thetest
specimenisreq~edj andthisshakermaybeusedinmultiple-shaker
arrangements.Withthisshakeritisalsopossibleto definetheunstable
. branchof a frequency-responsecurveobtainedfora nonlinearspring.
If lsrgeforceoutputsareobtainedwiththisshaker,muchnoiseis
generated.
LsmgleyAeronauticalLaboratory,
WtionalAdviso~CommitteeforAeronautics,
LangleyField,Va.,April19, 1957.
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Figure2.- Sketchof interruptersandnozzles.
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